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Abstract: Onion is one of the most valuable vegetable crops in the US. Onion thrips were identified
as one of the main threats to the US onion industry. An integrated approach, including host plant
tolerance, is required. For this study, four New Mexico State University breeding lines, along with
two thrips-attractive cultivars, were evaluated for their attractiveness to thrips. In addition, this
study observed thrips population dynamics throughout the growing season and the relationship
between onion plant size and thrips attractiveness. The experiment was designed as a randomized
complete block design with three blocks, each containing four replications. Thrips-infested bulbs
were used to ensure the presence of thrips and thrips-attractive plants were used to ensure equal
thrips distribution throughout the field. Ten plants were randomly selected from each plot and
thrips and leaf numbers were counted multiple times through the growing season. Plants of NMSU
breeding lines were observed to have fewer thrips, be more tolerant to thrips pressure and produce
more leaves and larger bulbs than thrips-attractive entries. Early in the growing season, leaf number
was not a determining factor in thrips population dynamics. The larger bulb weights of the breeding
lines allowed them to maintain their market value. A delay in thrips population buildup in plants
of the breeding lines may result in the critical threshold for spraying for thrips being reached later
in these lines. This would potentially allow for fewer pesticide applications by growers, increasing
growers’ profits and ensuring a more environmentally friendly approach to plant production.

Keywords: Allium cepa; integrated pest management; Iris yellow spot virus; pest tolerance; Thrips tabaci

1. Introduction

Onion is one of the most valuable vegetable crops in the US with an annual farm-gate
value of more than USD 1 billion [1]. Onion thrips have been identified as a threat to the
US onion industry and are quite complex and very difficult to manage [2]. Onion thrips
(Thrips tabaci Lindeman) are cosmopolitan and polyphagous insects that routinely infest
and damage onion crops and are the most important insect pest of onion in the US [3].
Thrips feeding reduces onion leaf photosynthetic area, removes the contents of mesophyll
cells in onion leaves, causes severe leaf damage and creates silvery patches and curled
leaves. This results in substantial reductions (30 to 50%) in bulb yields and in seed yields,
due to the girdling and lodging of seed scapes [4–6]. Viruliferous onion thrips, containing
the Iris yellow spot virus (IYSV) in their system, live an average of 3.6 days longer than
nonviruliferous thrips [7]. This prolonged life span is positively correlated with fecundity,
allowing viruliferous thrips to inflict more damage, infect more plants and exacerbate IYSV
epidemics [7]. If hot and dry climatic conditions that are favorable to thrips persist, Iris
yellow spot (IYS) disease can destroy entire onion fields [8]. These climatic conditions
shorten thrips generation times and increase thrips buildup, subsequently increasing the
damage that is caused by them and the virus [8].

Frequent applications of organophosphates, carbamates and pyrethroids have been
the primary management method for onion thrips. These insecticides are not very effective
because onion thrips have developed resistance to some commonly used insecticides [4].
Complete spray coverage is difficult to achieve because thrips eggs are protected by leaf
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tissues, prepupae and pupae reside in the soil and larvae and some adults feed in the inner
spaces between leaves, often outside the reach of insecticide applications [4,9–11]. Chemical
control methods become ineffective at temperatures over 30 ◦C, since some insecticides
have more rapid chemical breakdown at higher temperatures, which reduces their activity
and effectiveness [12].

Past research indicates that certain leaf colors, such as blue, are more attractive to
thrips [13]. It has also been demonstrated previously that thrips populations and feeding
damage vary depending upon the amount and type of epicuticular wax on leaves [14].
Onions with waxy leaves are very susceptible to thrips feeding and suffer severe damage,
since they allow thrips to adhere to the plant and incite damage [5,14,15]. Research has
found that onions with waxy leaves suffer more thrips damage compared to onions with
semi-glossy and glossy leaves, since their leaves accumulate only intermediate or sparse
amounts of epicuticular waxes and have lighter green colors that result in slower thrips
population growth and reduced egg hatching [8,14,16–19]. Lower wax phenotypes can be
conditioned by a single recessive locus (gl), such as the single recessive locus (glwp) found
in the glossy phenotype White Persian, which has been mapped to chromosome 8 and
been shown to interact with a region of chromosome 1 that acts to increase waxy progeny
numbers [20–23]. Relative to other epicuticular waxes, the amount of hentriacontanone-16
wax may also influence the total amount of leaf wax [24]. The cultivar Odorless Greenleaf,
however, which has glossy leaves, has experienced less thrips feeding damage while having
no hentriacontanone-16 wax [25]. Additionally, the angle of the leaf also seems to affect
thrips feeding damage, as thrips mostly reside in the axil of the basal parts of the leaf, with
tighter angles restricting thrips access [26].

Control of thrips requires an integrated approach that includes chemical control of
thrips, cultural practices and genetic resistance/tolerance. An economic and environmen-
tally friendly solution for controlling thrips can be provided by host plant resistance [2].
Using even partially thrips-tolerant onion cultivars can greatly impact the costs and re-
turns to onion growers, since reduced insecticide applications could increase profits from
$641.10 to $1013.63 per hectare when compared to most current management practices
and yields [27]. Over the last decade, the NMSU onion breeding program has evaluated
and screened germplasm for reduced thrips numbers, greater plant vigor and reduced IYS
disease symptom expression [20,28–31]. Several plant introduction accessions exhibited
a reduction in IYS symptom severity and thrips numbers [8]. After selection for reduced
IYS symptom development, plants of second-generation selections NMSU 12-257, NMSU
12-258, NMSU 12-260, NMSU 12-261, NMSU 12-774, NMSU 12-279, NMSU 12-289 and
NMSU 12-325 exhibited fewer thrips when compared to plants of a thrips-attractive culti-
var, Rumba [2]. In the same study, plants of NMSU 12-279, NMSU 12-255, NMSU 12-298,
NMSU 12-289 and NMSU 12-258 exhibited fewer thrips when compared to plants of their
first-generation entries, indicating selection progress even though selection was not for
fewer thrips [2]. Progress for reducing thrips numbers per plant was observed in several
breeding lines, including NMSU 12-236, NMSU 12-243, NMSU 12-335, NMSU 12-337 and
NMSU 12-796, when compared to their respective original population and Rumba, showing
the possibility of further progress through additional indirect selection cycles [32]. Different
levels of thrips resistance have been observed in onion germplasm across the world, includ-
ing VI038512 and AVON 1067 being identified as resistant and VI038552 being identified as
highly resistant in Tanzania; Vale Ouro IPA 11, BRS Alfa São Francisco, Franciscana IPA
10 and Sirius F1 being identified as resistant in Brazilian semi-arid regions and NIKSP–86
being identified as highly resistant and T–821 and Ceylon being identified as resistant in
the Punjabi region of India [33–35]. A delay in the buildup of thrips could explain some of
the differences observed.

As selection progress for reduced IYS symptom expression has been observed with
NMSU breeding lines, a reduction in thrips numbers per plant has also been observed [36–39].
To determine the mechanisms involved in reduced thrips numbers, NMSU breeding lines
exhibiting reduced thrips numbers were characterized in greater detail. As with previous
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studies [32], we hypothesized that early in the growing season, NMSU breeding lines are
less attractive to thrips, and therefore less populated by thrips, than thrips-attractive entries.
Moreover, we hypothesized that there is a strong positive correlation between plant size
and thrips numbers, as previously observed between thrips population size and plant
height [40]. We hypothesized that NMSU breeding lines have fewer thrips and suffer less
thrips damage mainly because of different foliar characteristics, such as leaf color and wax
amounts, which are caused by genetic differences. In addition, we hypothesized that plants
that have fewer thrips will produce larger-sized bulbs than plants that have more thrips,
since it has been demonstrated that a positive correlation exists between plant height and
bulb yield, while a negative correlation exists between thrips population size and yield [40].

2. Materials and Methods
2.1. Plant Material and Sowing

Since 2009, individual onion bulbs that exhibited less thrips feeding damage have
been selected from different NMSU onion breeding lines. These lines were selected based
on historical knowledge of reduced thrips numbers from a previous study on IYS [8,31].
They have been grown and evaluated for IYS disease and thrips numbers in Oregon state,
as well [38]. These lines originated from crosses made by other researchers between lines
or cultivars which belong to Grano and Sweet Spanish onion types [32,39]. Five entries, in-
cluding four second-generation selections (prefix NMSU 12-), and two commercial cultivars
Rumba and Stockton Early Yellow, which were evaluated in 2013 and 2014, were chosen
for this study [8,31]. These selections had different ancestries; NMSU 12-236 originated
from NMSU 07-52-1, NMSU 12-236 originated from NMSU 07-52-1, NMSU 12-238 and
NMSU 12-243 originated from NMSU 07-53-1 and NMSU 12-337 originated from NMSU
07-54-1 [31]. These selections were assessed for waxiness in previous studies, where NMSU
12-236, NMSU 12-238 and NMSU 12-243 were visually classified as semi-glossy, plants
of NMSU 12-337 were classified as glossy, ’Rumba’ was classified as waxy and ’Stockton
Early Yellow’ was classified as having light wax [31,39]. These lines and cultivars were also
visually rated for leaf color in previous studies, where NMSU 12-337, NMSU 12-238, NMSU
12-243 and NMSU 12-236 were considered dark green, while plants of the thrips-attractive
entries had more bluish colors than the breeding lines, with ’Rumba’ being considered blue
and ’Stockton Early Yellow’ blue green, which is due to genetic and wax compositions differ-
ences [31,39]. These lines were originally selected because of visible reduced/delayed IYS
symptom expression and disease severity, which may be explained by genetic differences,
different maturity dates, inherent tolerance to stress and fewer thrips numbers, which is
why they were selected for further breeding and analyses [2,32]. For the second and the
third years of the study, Rumba was replaced with another thrips-attractive, commercial
cultivar, Stockton Early Yellow, since the seeds of Rumba were no longer produced.

Seeds of these lines were sown in the Fabian Garcia Science Center (FGSC) green-
houses in January 2019, 2020 and 2021, and in March of each respective year, plants were
transplanted to the field. Seeds for all entries were sown in 4-inch-deep black plastic
flats filled with Metro-Mix 360 (Sun Gro Horticulture, Bellevue, WA, USA). Miracle-Gro
(15-30-15; N-P-K; Scotts Miracle-Gro Company, Marysville, OH) fertilizer was applied to
enhance seedling growth. Seedlings at the four-to-five leaf stage were transplanted to a
field at the FGSC in the first and second years of the study and to the Leyendecker Plant
Science Research Center (LPSRC) in the third.

Some modifications were made in the first year of the study, since there were not
enough seedlings for certain plots of ’Rumba’ and NMSU 12-337 at the initial date of trans-
planting, so additional seeds were sown in the greenhouse and seedlings were transplanted
to the field at a later date in a portion of the third replication. In the third year of the study,
some plants of all entries were transplanted to the field at a later date, as some initially
transplanted seedlings did not survive. As a result, they contained plants that were a
different size than plants that were transplanted earlier in other plots.
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2.2. Field Design

The fields at the FGSC for the first and second years of the study and at the LPSRC for
the third in Las Cruces, NM were arranged as a randomized complete block design with
three blocks, each containing four replications. Plots were 3.3 m in length and consisted of
2 planted, equally spaced rows on a planted bed with plants spaced 7–8 cm apart within
the row. A drip irrigation system equipped with control valves for each bed was used.
One-meter spacing between the beds was ensured for irrigation and equipment movement.
Drip irrigation tape (Irritec, Fresno, CA, USA) with 20 cm between emitters was placed at
the center of a bed at a depth of 10 cm. Plants were irrigated as needed [41]. In the first
year of the study, Glendale loam and Brazito very fine sandy loam with a thick surface
were the soil types. Harkey clay loam was the soil type for the second year of the study
and Brazito very fine sandy loam with a thick surface was the soil type for the third year
of the study [42]. For the first year of the study, the second and third replications were set
apart from the first replication in the same field, whereas in the second and third years of
the study, all three replications were adjacent.

Plants were grown using standard cultural practices recommended for onion produc-
tion in southern New Mexico [41]. However, no insecticide was applied to plants in order
to preserve the thrips population. The field layout used for this study has been used in pre-
vious years and has been quite effective in spreading onion thrips and IYS throughout the
field and was used for this study with some modifications [8,29–31,36,37]. Thrips-infested
bulbs from the previous year’s study had been placed on the first and last bed of the study
and at the front and back borders of the study in October of the previous year to ensure
that onion thrips, and therefore IYSV, were in the field and to provide a continuous supply
of leaf tissue for onion thrips to feed upon. Right next to beds of thrips-infested bulbs, a
locally adapted cultivar, NuMex Freedom, which was known to be attractive to thrips, was
sown at the same time to ensure that thrips were spread throughout the field. As a result,
there were six beds for research plots between two beds of ’NuMex Freedom’ plants. For
the second year of the study, however, there were 5 beds between two beds of ’NuMex
Freedom’ plants. The field was designed in such a way that onion thrips would live on
the infested bulbs until scape formation and then would move on to the plants of ’NuMex
Freedom’, and, once these plants matured, they would move to the test plants.

2.3. Data Collection

Ten plants were randomly selected and identified with plastic labels from each plot.
These ten plants were revisited multiple times through the growing season for data collec-
tion. The number of adult and juvenile thrips were counted in a nondestructive manner by
separating the leaves and examining the axil from each of those ten plants from each plot
at five separate times (8, 10, 12, 14 and 16 weeks after transplant (WAT)) during the crop’s
growth to ensure that enough thrips existed. However, in the third year of the study, data
collection began at 6 WAT, and no data were collected at 12 WAT, due to inaccessibility of
the field after rainfall. In addition, leaf numbers (living leaves) of the same ten plants were
counted on the same observation dates, and bulb weight of these plants was measured
(in grams) at harvest (considered mature when 80 percent of the tops were down), using
a scale. In addition, thrips number per leaf was calculated by dividing individual plants’
thrips numbers by the plants’ leaf numbers.

2.4. Data Analysis

The mean of each character, including total, juvenile and adult thrips numbers, leaf
numbers and average bulb weight for each entry, were calculated using the PROC MEANS
and PROC MIXED commands, on a per plot basis, in SAS (SAS 9.0; SAS Institute Inc.,
Cary, NC, USA). Standard errors of the means were also calculated. In the second and
third years of the study, several plots had to be excluded from the analyses since several
plants were planted at later dates, had different maturity dates, died before a complete
season’s worth of data could be collected and/or exhibited improper growth and smaller
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size. In order to determine which plots should be excluded, the mean bulb weight of the
four replications within a block was calculated for each entry. In addition, the standard
deviations of the means were also calculated. If an individual plant’s bulb weight was
more than one standard deviation lower than its mean of the four replications for that entry,
the plant would be considered an outlier. Thereafter, plots with four or less plants were
considered missing and excluded from the analyses.

In the PROC MIXED analysis, entries were considered fixed effects while blocks
and replications were considered random effects. This analysis was used to determine if
there were trait differences among entries. In addition, the PDIFF statement was used to
determine if there were trait differences between the thrips-attractive entries and individual
NMSU breeding lines. PROC CORR was used to determine correlations between traits
on a per individual plant basis. Multiple comparison tests were not performed, and the
breeding lines were compared to the thrips-attractive cultivars.

3. Results and Discussion
3.1. Onion Thrips Numbers among Entries and Their Population Dynamics

There were differences in thrips numbers between NMSU breeding lines and thrips-
attractive entries, with plants of NMSU 12-236, NMSU 12-238, NSMU 12-243 and NSMU
12-337 exhibiting fewer onion thrips per leaf than plants of the thrips-attractive entries,
’Rumba’ or ’Stockton Early Yellow’ (Table 1). In 2019, ’Rumba’ exhibited about seven thrips
per leaf at 8 WAT, whereas NMSU breeding lines exhibited about 1.4 to 1.8 thrips per leaf
(Table 1). In 2020, ’Stockton Early Yellow’ exhibited about 7.4 thrips per leaf, while NMSU
breeding lines had 1.8 to 2.8 thrips per leaf at 8 WAT. While the numbers were lower in
2021, more thrips were still observed on plants of ’Stockton Early Yellow’ at 8 WAT than
plants of the NMSU breeding lines (Table 1). Similar results have been observed before with
respect to difference in thrips numbers [2,32]. Previously, this difference in thrips numbers
was attributed to differences in epicuticular leaf wax amounts [14,32]. In terms of leaf
wax phenotypes, plants of NMSU 12-236, NSMU 12-238 and NMSU 12-243 were visually
classified in previous studies as semi-glossy and plants of NMSU 12-337 were classified
as glossy, while ’Rumba’ was classified as waxy and ’Stockton Early Yellow’ as having
light wax [31]. NMSU breeding lines also were greener in leaf color, with NMSU 12-337,
NMSU 12-238, NMSU 12-243 and NMSU 12-236 considered dark green, while plants of the
thrips-attractive entries had more bluish colors than the breeding lines, with ’Rumba’ being
considered blue and ’Stockton Early Yellow’ blue green, which is due to genetic differences
and different wax compositions [31,39]. Since onion thrips are more attracted to leaves
with higher wax contents and bluish colors, the differences observed in thrips numbers are
most likely due to differences in foliage attributes [5,13–15].

Table 1. Total number of thrips per leaf for five onion entries counted five times at two weeks apart
during the 2019, 2020 and 2021 growing seasons while plants were grown at the Fabian Garcia Science
Center and Leyendecker Plant Science Research Center, Las Cruces, NM z.

Observation Date y

Entry 1 2 3 4 5

2019

NMSU 12-236 1.4 x ± 0.4 w 3.4 ± 0.5 4.8 ± 0.7 4.4 ± 0.6 0.9 ± 0.2

NMSU 12-238 1.7 ± 0.4 3.4 ± 0.5 5.9 ± 0.7 2.8 ± 0.6 0.5 ± 0.2

NMSU 12-243 1.4 ± 0.4 2.3 ± 0.5 4.1 ± 0.7 3.1 ± 0.6 0.5 ± 0.2

NMSU 12-337 1.8 ± 0.4 2.6 ± 0.6 3.4 ± 0.7 4.5 ± 0.7 2.3 ± 0.2

Rumba 7.0 ± 0.5 8.5 ± 0.6 10.5 ± 0.8 5.7 ± 0.7 1.2 ± 0.3

*** *** *** ** ***
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Table 1. Cont.

Observation Date y

Entry 1 2 3 4 5

2020

NMSU 12-236 1.8 ± 0.3 4.5 ± 0.7 6.4 ± 0.6 4.2 ± 0.7 0.6 ± 0.1

NMSU 12-238 2.8 ± 0.3 5.7 ± 0.7 3.8 ± 0.7 0.6 ± 0.7 0.1 ± 0.1

NMSU 12-243 1.9 ± 0.3 4.5 ± 0.7 4.9 ± 0.6 2.3 ± 0.7 0.2 ± 0.1

NMSU 12-337 2.1 ± 0.3 4.2 ± 0.7 6.7 ± 0.6 3.4 ± 0.7 0.6 ± 0.1

Stockton Early Yellow 7.4 ± 0.3 8.9 ± 0.7 4.8 ± 0.6 1.7 ± 0.7 0.3 ± 0.1

*** *** ** *** *

2021

NMSU 12-236 0.2 ± 0.3 0.3 ± 0.3 1.1 ± 0.4 - 1.7 ± 0.3

NMSU 12-238 0.8 ± 0.3 1.3 ± 0.3 1.8 ± 0.4 - 1.0 ± 0.3

NMSU 12-243 1.9 ± 0.3 1.4 ± 0.4 1.3 ± 0.4 - 1.0 ± 0.3

NMSU 12-337 0.7 ± 0.3 1.3 ± 0.3 1.7 ± 0.3 - 1.7 ± 0.3

Stockton Early Yellow 2.1 ± 0.5 4.6 ± 0.4 3.6 ± 0.4 - 1.1 ± 0.3

*** *** *** NS

z Seeds of each entry were sown in a greenhouse in January. In March, plants were transplanted to the field, where
thrips-infested bulbs from the previous year’s study had been placed in October of the previous year to ensure
that onion thrips were in the field. The field was arranged as an RCBD with three blocks and four replications
in each block. Conventional vegetable cultural practices and drip irrigation were utilized for all trials. y The
observation dates were 8, 10, 12, 14 and 16 weeks after transplanting for the first year of the study, 8, 10, 12, 15 and
17 after transplanting for the second and 6, 8, 10 and 14 weeks after transplanting for the third year of the study.
No data were collected at the fourth observation date in the third year of the study. x Thrips were counted by
separating the leaves and examining the axil. Ten plants per plot were chosen randomly to undergo thrips count
and the same ten plants were revisited at different time periods and thrips loads were counted. Number of thrips
per leaf was measured by dividing individual plants’ thrips numbers by the plants’ leaf numbers. Plot means
were calculated for thrips number per leaf at each observation date using the PROC MEANS statement in SAS
Studio. In addition, the PROC MIXED statement with fixed effects was used to calculate means, and random
effects were not considered. Entry means highlighted in italics represent that the entry mean was different from
the thrips-attractive entry. w Standard error of the mean. NS, *, **, ***Nonsignificant at p = 0.05, significant at
p = 0.05, significant at p = 0.01 and significant at p = 0.001, respectively. Test was conducted at α = 0.05.

Onion thrips dynamics varied depending on the time within the growing season
and entries, but the total number of thrips per leaf was usually at its maximum at the
third observation date in each year (Table 1). Fewer thrips were usually observed in the
first two observation dates depending upon the year (Table 1), as observed also in past
research [2,32]. With the number of thrips per leaf increasing on plants of the NMSU
breeding lines and decreasing for plants of the thrips-attractive entries, plants of the NMSU
lines did not exhibit fewer thrips per leaf than plants of the thrips-attractive entries after
the third observation date (Table 1). One likely explanation for the difference is that even
though the majority of the thrips population on plants was comprised of juvenile thrips
(Tables S1 and S2) and the numbers of total and juvenile thrips were strongly positively
correlated (mostly with a correlation coefficient greater than 0.95 at p < 0.001), adult thrips
were most likely responsible for the differences observed in thrips numbers among entries
and through time (Table 2). Early in the growing season, plants of ’Rumba’ and ’Stockton
Early Yellow’ had a greater number of adult thrips when compared with plants of the
NMSU breeding lines (Table 2). Due to wax differences among entries, adult thrips would
first move onto attractive plants, feed off them and lay eggs on them, as they seem to be
better sources of food for their offspring, resulting in greater numbers of larvae. From
that point on, it took about 20 days in total for a new generation to develop, depending
on temperature [43]. As the new generation of adult thrips sought new food sources,
they found plants of the thrips-attractive entries damaged, fed-upon and less attractive.
At that point, adult thrips looked towards nearby breeding lines that had not been fed
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upon as severely and moved onto them. This reasoning explains why the numbers of
total and juvenile thrips per plant increased later in the season (Tables S1 and S2) and
why thrips numbers did not decrease as rapidly on NMSU breeding lines as they did on
thrips-attractive entries after the third observation date (Table 1). An earlier observation
date may have shown differences in adult thrips numbers among entries, as the number of
juvenile thrips is high and they comprise most of the thrips populations (Tables S1 and S2).

Table 2. Number of leaves and adult thrips per leaf for five onion entries counted two weeks apart
during the 2019, 2020 and 2021 growing seasons while plants were grown at the Fabian Garcia Science
Center and Leyendecker Plant Science Research Center, Las Cruces, NM z.

Observation Date y

Entry 1 2 1 2

Adult Thrips per Leaf Leaf Number

2019

NMSU 12-236 0.4 x ± 0.2 w 0.4 ± 0.1 7.6 x ± 0.2 8.6 ± 0.2

NMSU 12-238 0.7 ± 0.2 0.5 ± 0.1 6.9 ± 0.2 8.4 ± 0.2

NMSU 12-243 0.5 ± 0.2 0.3 ± 0.1 6.4 ± 0.2 8.0 ± 0.2

NMSU 12-337 0.6 ± 0.2 0.3 ± 0.1 7.1 ± 0.2 8.0 ± 0.2

Rumba 1.6 ± 0.2 1.3 ± 0.1 6.6 ± 0.2 7.8 ± 0.2

*** *** *** **

2020

NMSU 12-236 0.3 ± 0.1 0.9 ± 0.2 5.9 ± 0.3 8.0 ± 0.3

NMSU 12-238 0.4 ± 0.1 0.9 ± 0.2 7.2 ± 0.3 9.2 ± 0.3

NMSU 12-243 0.3 ± 0.1 0.9 ± 0.2 5.9 ± 0.3 7.7 ± 0.3

NMSU 12-337 0.3 ± 0.1 0.9 ± 0.2 5.8 ± 0.3 7.7 ± 0.3

Stockton Early Yellow 1.0 ± 0.1 1.5 ± 0.2 6.3 ± 0.3 8.1 ± 0.3

*** ** *** **

2021

NMSU 12-236 0.0 ± 0.0 0.1 ± 0.0 3.8 ± 0.2 4.9 ± 0.3

NMSU 12-238 0.1 ± 0.0 0.2 ± 0.0 4.2 ± 0.2 5.5 ± 0.3

NMSU 12-243 0.2 ± 0.0 0.1 ± 0.1 5.1 ± 0.2 6.6 ± 0.3

NMSU 12-337 0.0 ± 0.0 0.1 ± 0.0 4.5 ± 0.2 6.1 ± 0.3

Stockton Early Yellow 0.4 ± 0.0 0.3 ± 0.0 4.9 ± 0.2 6.0 ± 0.3

*** * *** ***
z Seeds of the germplasm were sown in a greenhouse in January. In March, plants were transplanted to the field,
where thrips-infested bulbs from the previous year’s study had been placed in October to ensure that onion
thrips were in the field. The field was arranged as an RCBD with three blocks and four replications in each
block. Conventional vegetable cultural practices and drip irrigation were utilized for all trials. y The observation
dates were 8 and 10 weeks after transplanting for the first and second years of the study and 6 and 8 weeks after
transplanting for the third year of the study. x All the living leaves on the plant were counted and adult thrips were
counted by separating the leaves and examining the axil. Ten plants per plot were chosen randomly to undergo
leaf number and adult thrips count, and the same ten plants were revisited at different time periods and thrips
loads and leaf numbers were counted. Number of adult thrips per leaf was measured by dividing individual
plants’ adult thrips numbers by the plants’ leaf numbers. Plot means were calculated for leaf numbers and thrips
numbers per plant at each observation date using the PROC MEANS statement in SAS Studio. In addition, the
PROC MIXED statement with fixed effects was used to calculate means, and random effects were not considered.
Entry means highlighted in italics represent that the entry mean was different from the thrips-attractive entry.
w Standard error of the mean. NS, *, **, *** Nonsignificant at p = 0.05, significant at p = 0.05, significant at p = 0.01
and significant at p = 0.001, respectively. Test was conducted at α = 0.05.
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Onion thrips thrive in hot and dry climatic conditions [8]. In the third year of the study,
however, lower maximum air temperature during the growing season and higher total
precipitation were observed (Figures S1 and S2), which may have caused the differences in
buildup of the thrips population (Table 1). In the third year of the study, data collection
began at 6 weeks after transplanting, whereas in the first and second years, it began at
8 weeks after transplanting. Even though these conditions had affected thrips numbers
and plant size, the same dynamics were observed in 2021, further confirming that foliar
characteristics mainly drive thrips population dynamics and buildup.

3.2. Leaf Number and Bulb Weight

Leaf number and its change through time do not account for the observed thrips
population dynamics. Since plants of the NMSU breeding lines were similar or greater in
leaf number when compared to plants of the thrips-attractive entries early in the season
(Table 2), leaf number may not have been a determining factor for the higher thrips popula-
tions observed on the plants of the thrips-attractive entries, further confirming that foliar
characteristics, such as leaf waxiness and color, are the main causes for the higher number
of thrips observed on these entries. Later in the season, some breeding lines exhibited
greater leaf numbers, possibly explaining the greater numbers of thrips observed when
plants with attractive foliar characteristics were no longer as easily available for feeding
(Table 1), as similarly observed in past research, where thrips numbers and plant height
were positively correlated [39]. Thrips and leaf numbers were positively correlated, espe-
cially in the beginning of the growing season, and more strongly positively correlated in the
thrips-attractive entries in the first and second years of the study. On the first observation
date of all three years of the study, thrips and leaf numbers were positively correlated in
the thrips-attractive entries, with correlation coefficients between 0.57 and 0.63 (Figure S3).
NMSU breeding lines also exhibited a positive correlation between 0.34 and 0.58 on the first
observation date of all three years of the study (Figure S3). These results indicate that plants
of the NMSU breeding lines were able to produce similar or greater numbers of leaves in
comparison with the thrips-attractive entries, even when under maximum thrips pressure.

In the first and second years, plants of the NMSU breeding lines exhibited greater
average bulb weights than plants of the thrips-attractive entries, with NMSU breeding lines
having average bulb weights between about 174.0 g and 223.9 g, whereas thrips-attractive
entries had average bulb weights between about 95.4 g and 102.9 g (Table 3). In the third
year, only plants of NMSU 12-243 with a bulb weight of 160.3 g and 12-337 with a bulb
weight of 170.2 g were greater than plants of ’Stockton Early Yellow’ (82.8 g) (Table 3).
Given the greater average bulb weight of the NMSU breeding lines in the presence of high
thrips pressure, it seems that these lines were more tolerant to thrips feeding damage and
that their growth and development was not affected by thrips pressure. Inherent genetic
differences may also have contributed to these results, as the NMSU breeding lines produce
larger plants than thrips-attractive entries and are more tolerant to stress [8]. Additionally,
the delay in buildup of thrips populations may have allowed plants of the NMSU lines
to be established and suffer less thrips damage at the more susceptible early stages of
growth [43].

3.3. Implications and Future Studies

The differences observed in leaf and thrips numbers in this study indicate that plants
of the NMSU breeding lines were more tolerant to thrips pressure and produced more
leaves, and therefore larger bulbs, than thrips-attractive entries. These results indicate the
potential for achieving thrips-tolerant cultivars. While the average bulb weights of the
thrips-attractive entries placed them in the full-sized bulb US market class (less than 123 g),
the NMSU breeding lines produced mostly jumbo class bulb weight averages (between 206
and 460 g) and medium class bulb weight averages (between 123 and 206 g) [44,45]. The
larger bulb weights of the NMSU breeding lines under thrips pressure allow them to avoid
dropping in market classes and therefore maintain their market value, as onion prices tend
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to change as bulbs go from one market class to another [27,44]. Moreover, the delay in
thrips population buildup between plants of the NMSU breeding lines and thrips-attractive
entries may mean that the critical threshold for spraying for thrips, which is one to five
thrips per leaf depending on the insecticide [46], would be reached later in these lines,
potentially allowing for fewer pesticide applications by growers, increasing growers’ profits
from $641.10 to $1013.63 per hectare by also preventing a reduction in market class [27] and
ensuring a more environmentally friendly approach to plant protection and production [2].
For future studies, we recommend examining the performance of NMSU breeding lines in
the presence of maximum thrips pressure and in the absence of thrips-attractive cultivars.

Table 3. Average bulb weight for five onion entries measured five times at two weeks apart during
the 2019, 2020 and 2021 growing seasons while plants were grown at the Fabian Garcia Science Center
and Leyendecker Plant Science Research Center, Las Cruces, NM z.

Year

Entry 2019 2020 2021

Average Bulb Weight (g)

NMSU 12-236 186.1 y ± 11.2 x 174.0 ± 12.0 60.7 ± 11.3

NMSU 12-238 207.1 ± 11.2 234.2 ± 12.0 101.7 ± 11.3

NMSU 12-243 198.8 ± 11.2 201.8 ± 12.0 160.3 ± 11.9

NMSU 12-337 223.9 ± 11.2 194.3 ± 12.0 170.2 ± 10.8

Thrips-attractive entry w 102.9 ± 11.2 95.4 ± 12.0 82.8 ± 11.9

*** *** ***
z A plot was considered mature when 80 percent of the tops were down and it was harvested at that time. y PROC
MIXED was used to determine differences between entries using plot means. In the model, entries were considered
fixed. Entry means highlighted in italics represent that the entry mean was different from the thrips-attractive
entry. x Standard error of the mean. w In the first year of the study, Rumba was the thrips-attractive entry, and in
the second and third years, Stockton Early Yellow was. *** Significant at p = 0.001. Test was conducted at α = 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8020123/s1, Figure S1. Maximum air temperatures from
1 May to 31 August for 2019, 2020, and 2021(New Mexico Climate Center in Fabian Garcia Science
Center in 2019 and Leyendecker Plant Science Research Center in 2020 and 2021). Figure S2. Total
precipitation from 1 May to 31 August of each year (New Mexico Climate Center in Fabian Garcia
Science Center in 2019 and Leyendecker Plant Science Research Center in 2020 and 2021). Figure S3.
Correlations, on a per plant basis, between total thrips per plant and leaf number through the growing
season for entries in A) 2019, B) 2020, and C) 2021, at p < 0.001 significance level. Table S1. Total
number of thrips per plant for five onion entries counted at five times two weeks apart during the
2019, 2020 and 2021 growing seasons when plants were grown at the Fabian Garcia Science Center
and Leyendecker Plant Science Research Center, Las Cruces, NMz. Table S2. Number of juvenile
thrips per plant for five onion entries counted at five times two weeks apart during the 2019, 2020 and
2021 growing seasons when plants were grown at the Fabian Garcia Science Center and Leyendecker
Plant Science Research Center, Las Cruces, NMz.
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